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Abstract 

Signal transmission in Wireless Networks suffers considerably from many impairments, one 

of which is channel fading due to multipath propagation. Cooperative Communication is a 

technique which could be employed to mitigate the effects of channel fading by exploiting 

diversity gain achieved via cooperation between nodes and relays. To achieve transmit 

diversity, a node would generally require more than one transmitting antenna which is not 

too common due to the limits in size and complexity of wireless mobile devices. However by 

sharing antennas with other single-antenna nodes in a multi-user environment, a virtual 

multi-antenna array is formed and transmit-diversity is accomplished. Subsequently, radio 

coverage is extended without the need to implement multiple antennas on nodes and 

increased transmission reliability is achieved. 

In this scenario, a network containing a sender, a destination and a relay is analyzed. Two 

cooperative communication schemes which include Amplify and forward and Decode and 

forward are employed with different combining techniques are investigated and results 

obtained from simulations with respect to variable relay positioning are presented. 

Keywords: Amplify-and-Forward, Bit-Error-Rate, Cooperative Communications, 

Decode and Forward, Performance Analysis, Signal-to-Noise-Ratio, Wireless Networks.  
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CHAPTER 1 
Introduction 

In this chapter an introduction to the thesis work is given and an overview of the chapters’ 

contents is outlined. 

1.1 Introduction 

Transmitting different samples of the same signal over essentially independent channels is a 

method by which transmit diversity could be implemented in wireless communications to 

solve the problems of fading due to multipath propagation [1]. In particular, spatial diversity 

is generated by transmitting signals from different locations, thus allowing independently 

faded versions of the signal at the receiver. For some scenarios, in which time or frequency 

diversity might be difficult to exploit due to delay or bandwidth constraints, multiple transmit 

or receive antennas at the same terminal are often desirable for providing spatial diversity 

[2]. For example, the Alamouti space-time technique is a popular scheme that is widely used 

in spatial diversity applications where co-located antennas are arranged in such a way that the 

relative delay from the two transmitter antennas to the receiver antenna is negligible [3], [4]. 

However, this is not so practicable in mobile handsets due to size and cost limitations [5]. 

Cooperative Diversity seeks to overcome these limitations by creating a virtual multiple-

input multiple-output (MIMO) system where single-antenna terminals, ‘e.g.’ most handsets 

and nodes in wireless sensor networks, in a multi-terminal scenario can share their antennas 

[5] - [8].  

Figure 1.1 gives a preliminary explanation of the ideas behind cooperative communication. It 

shows two mobile users communicating with the same destination. Each mobile has one 

antenna and cannot individually generate spatial diversity. However, it may be possible for 

one mobile to receive the others transmitting signal, in which case it can forward some 

version of “overheard” information of other users along with its own data. Because the 

transmission paths from two mobiles are statistically independent, this generates spatial 

diversity [9].  
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Figure 1.1: Cooperative Communication 

In such a system as the one seen in Figure 1.1, combinations of several relaying protocols 

and different combining methods are examined to assess their effects on performance. In this 

thesis, we examine the Amplify and Forward and Decode and Forward transmission 

protocols when used with several types of combining techniques. The best combination 

techniques in each protocol are then studied with different relay positions to investigate their 

effects on performance. 

Note that in the figures throughout this thesis, smart phones are used to represent source and 

relay nodes; however, without loss of generality, this can be extended to any device that can 

be used in cooperative communication. 
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1.2 Thesis Overview 

This thesis presents a performance analysis of the effects of cooperative diversity in wireless 

networks with respect to two different cooperative communication protocols as well as the 

employable combining techniques. 

Chapter 2 presents wireless networks in general as well as a brief outline of channel 

impairments, methods that could be employed to combat these impairments and signal 

encoding techniques which are used in cooperative diversity. 

Chapter 3 introduces cooperative communications and presents the channel model, receiver 

model and outlines the cooperative communication protocols as well as the different 

combining techniques. The methodology of relay placement subject to the performance 

analysis is also described. 

In chapter 4 the simulations are carried out and based on the presented results, a comparative 

analysis between the different protocols and combining techniques is done.  

Chapter 5 gives conclusions on our findings based on the results of the simulations.  
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CHAPTER 2 

Wireless Communications 

2.1 Introduction 

The first inception of wireless communications was back in 1895 when Guglielmo Marconi 

transmitted a three-dot Morse code for the letter ‘S’ over a distance of three kilometres using 

electromagnetic waves [10]. Since then, wireless communication has gone through a remarkable 

evolution in terms of integrated circuitry and technological advances to the really complex 

networks which we have today. From satellite transmission, radio and television broadcast to the 

ongoing development of 4G for mobile communications all inspired by the never ending quest 

for higher throughput, higher reliability, higher data transfer and cost efficiency. Exploiting the 

technological development in radio hardware and integrated circuits, which allow for 

implementation of more complicated communication schemes, would require an evaluation 

of the fundamental performance limits of wireless networks [11]. 

A wireless network system can traditionally be viewed as a set of nodes trying to communicate 

with each other. However, from another point of view, because of the broadcast nature of 

wireless channels, one may think of those nodes as a set of antennas distributed in the wireless 

system. Transmission between these antennas suffers from much degradation which inspires 

considerable research on how to effectively combat these negative effects that impair signal 

transmission. Some of these channel problems will be outlined for a clearer understanding of the 

Cooperative Communication methodology [10], [11]. 

2.1.1 Bit-Error-Rate (BER) 

The performance of a wireless channel is measured at the physical level by bit-error-rate 

(BER), block-error-rate, symbol-error-rate, or probability of outage. BER is defined as the 

percentage of bits that have errors due to noise, distortion or interference relative to the total 

number of bits received in a transmission. Calculating this is dependent on the signal 

encoding technique used as will be emphasised later in the respective parts. 
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2.1.2 Signal-to-Noise-Ratio (SNR) 

Signal-to-Noise-Ratio is defined as the power ratio between a signal (desired information) 

and the background noise (unwanted signal), that is: 

 

     (2.1) 

where P is the average signal power 

SNR could also be expressed in decibels using the equation: 

10 log  

   (2.2) 

2.2 Channel Impairments 

When we talk about channel impairments, we refer to conditions or factors that degrade or 

distort signals as they are transmitted through the channel from source to destination. 

2.2.1 Path Loss 

 In a point-to-point wireless communication system, where a transmitter communicates with 

a receiver by sending an electromagnetic signal through a wireless medium, the strength of 

the signal attenuates as it traverses the medium and, thus, becomes weaker as the propagation 

distance increases. Beyond a certain distance, the attenuation becomes unacceptably great, 

and repeaters or amplifiers would be required to boost the signal at regular intervals. These 

problems are more complex when there are multiple receivers, where the distance from 

transmitter to receiver is variable [11]. The amount of degradation in the signal strength with 

respect to the distance can be characterized by the ratio between the transmit power, Pt, and 

the receive power, Pr, which is denoted by [12]: 
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     (2.3) 

This ratio is used to quantify the effect of path loss and the value may depend on the 

geographic environment as well as certain radio properties, such as the spaciousness of the 

environment, the transmission distance, the radio wavelength, heights of the transmitter and 

receiver, etc. The path loss is usually represented in decibels by: 

10  

    (2.4) 

Several path loss models exist, such as the free space model, two-ray model, log-normal 

model, etc [12]. 

2.2.2 Free Space Path Loss 

In wireless networks, electromagnetic waves propagating through free space experience an 

attenuation or reduction in power density. This phenomenon is known as path loss and is 

caused by many factors which include absorption, diffraction, reflection, refraction, distance 

between transmitter and receiver, height and location of antenna, atmospheric conditions like 

dry or moist air and knife edge scenarios including vegetation and trees. 

For an ideal isotropic antenna, free space path loss could be calculated using the formula 

[11]: 

 
4 ²

 
4 ²

 

    (2.5) 

where:  

 = signal power at the transmitting antenna 

 = signal power at the receiving antenna 
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 = carrier wavelength 

f = carrier frequency 

d = propagation distance between antennas 

c = speed of light (3 10  m/s) 

Considering non-isotropic antennas where their gain is taken into consideration, the 

following equation is used: 

 

P
P  

4π ² d ²
G G λ

λd ²
A A  

cd ²
f²A A  

   (2.6) 

where: 

G   = gain of the transmitting antenna 

G  = gain of the receiving antenna  

A  = effective area of the transmitting antenna 

A  = effective area of the receiving antenna 

From the above relation, it can be seen that the received signal power is inversely related to 

the distance between the sender and the receiver. This implies that the closer the receiver or 

relay to the source, the more is the detected power of the signal [11]. However, real-life 

environments are not “free space”. Since the earth acts as a reflecting surface, other (maybe 

even more severe) models may apply [12]. 

2.2.3 Noise 

Noise refers to any undesired signal in a communication system or unwanted disturbances 

superimposed on a useful signal, which tends to obscure its information content. There are 

variations of this which we would consider. 
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Thermal Noise:  

Thermal noise is produced from random electron motion and is characterized by a uniform 

distribution of energy over the frequency spectrum with a Gaussian distribution. Every 

electronic equipment or transmission medium contributes thermal noise to a communication 

system as long as the temperature of that device or medium is above absolute zero. Thus it 

cannot be eliminated. Thermal noise in a bandwidth of 1 Hz [11] can be calculated by: 

 

  ⁄  

    (2.7) 

where: 

 = noise power density in watts per 1 Hz of bandwidth 

k = Boltzmann's constant = 1.38  10 J/K 

T = temperature, in Kelvin (absolute temperature) 

 

Inter-modulation:  

This refers to an unwanted amplitude modulation of signals of varying frequencies which are 

passed through a device or medium of nonlinearities. It usually occurs when the input to a 

non-linear system is composed of two or more frequencies. Consider a signal with three 

frequency components at , ,   as input [13] expressed as: 

sin 2 sin 2 sin 2  

 (2.8) 

where M and  are the amplitudes and phases of the three components respectively. 

The output signal y(t) is obtained by passing the input through a non-linear function. 

 

    (2.9) 
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The three frequencies of the input signal , ,   which are known as the fundamental 

frequencies will be contained in y(t) along with a number of linear combinations with the 

following forms: 

 

    (2.10) 

where ,  and  are arbitrary integers which can assume positive or negative values. 

They are known as the inter-modulation products. 

Crosstalk:  

Crosstalk could be described as an unwanted coupling between signal paths which could be 

as a result of electrical coupling between transmission media, such as between wire pairs on a 

voice-frequency (VF) cable, poor control of frequency response like defective filters or poor 

filter designs and nonlinear performance in analogue (FDM) multiplex systems. 

Impulse noise:  

This is described as a non-continuous series of irregular pulses or noise "spikes" of short 

duration, broad spectral density and of relatively high amplitude. It degrades only marginally, 

if at all but can seriously corrupt the error performance of data transmission. 

White noise:  

This refers to a random signal with a flat power spectral density which means that the signal 

contains equal power within a fixed bandwidth at any centre frequency. 

2.2.4 Inter-symbol Interference 

This is a form of distortion of a signal in which one symbol interferes with subsequent 

symbols, an unwanted phenomenon with similar effects to noise. This is usually caused by 

multipath propagation or the inherent non-linear frequency response of a channel which 

makes communication less reliable. In practice, communications channels have a limited 
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bandwidth, and hence transmitted pulses are spread during transmission. This pulse 

spreading can result in an overlap of pulses over adjacent time slots, as shown in Figure 2.1. 

The signal overlap may result in an error at the receiver. This phenomenon is referred to as 

Inter-Symbol Interference (ISI). 

 

 
Figure 2.1: Inter-symbol Interference in Digital Transmission 

 
2.2.5 Fading 

The time variation of received signal power caused by changes in the transmission medium is 

known as Fading. In a fixed environment, it is affected by changes in atmospheric conditions, 

such as rainfall, but in a mobile environment, where one of the two is moving relative to the 

other, the relative location of various obstacles that block the direct line of site (LOS) 

changes over time, creating complex transmission effects [11]. 

2.2.6 Multipath Fading 

In a wireless mobile system a signal can travel from transmitter to receiver through multiple 

reflective paths which is known as multipath propagation and is illustrated in Figure 2.2.  
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Figure 2.2: Multipath Propagation 

Multipath propagation causes fluctuations in signal’s amplitude, phase and angle of arrival 

creating multipath fading. There are basically three propagation mechanisms playing a role in 

the multipath fading: 

Reflection:  

This occurs when a propagating electromagnetic signal encounters a smooth surface that is 

large relative to the signal’s wavelength. An indication of this is shown in Figure 2.3. 

Diffraction: 

This occurs at the edge of a dense body that is larger compared to the signal’s wavelength as 

indicated in Figure 2.3. It is termed shadowing because the signal can reach the receiver even 

if it encounters an impenetrable body. 

Scattering:  

This occurs when the propagating radio wave encounters a surface with dimensions on the 

order of the signal’s wavelength or less and causes the incoming signal to spread out (scatter) 

into several weaker outgoings in all directions. 
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Figure 2.3: Illustration of reflection, refraction, scattering, diffraction of a radio wave 

There are also several types of fading based on the time and frequency variation which 

include: 

Fast Fading 

This is a scenario where the channel impulse response changes rapidly within the symbol 

duration. It could also be described as a situation where coherence time of the channel, TD, is 

smaller than the symbol period of the transmitted signal. Here the channel imposes an 

amplitude and phase change which varies considerably over the period of use. 

Slow Fading 

Slow fading is the result of shadowing by buildings, mountains, hills and other objects. In 

this situation, the coherence time of the channel is large relative to the delay constraint of the 

channel. The channel imposes an amplitude and phase change that is roughly constant over 

the period of use. 

Flat Fading  

Flat fading or non-selective fading occurs when the bandwidth of the transmitted signal B is 

smaller than the coherence bandwidth of the channel resulting in a situation where all 

frequency components of the received signal fluctuate in the same proportions 

simultaneously. 
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Frequency Selective Fading 

This is experienced if the bandwidth of the signal is larger than coherence bandwidth of the 

channel. De-correlated fading is thus experienced by the different frequency components of 

the signal. 

2.2.7 Communication Channels 

When designing a communication system, the communication engineer has to consider all 

the factors that may affect the propagation of the signal; hence there is a need to investigate 

the effects of multipath fading and noise on mobile channels. Some typical communication 

channels are introduced in the following sub-section. 

Additive White Gaussian Noise (AWGN) Channel 

In this channel the only impairment that encounters the propagation of the transmitted signal 

is the thermal noise, which associated with physical channel itself, as well as the electronics 

at, or between, transmitter and receiver. In AWGN channel the signal is degraded by white 

noise which has constant spectral density and a Gaussian distribution of amplitude. 

 

 
                                                   Figure 2.4: The additive noise channel 
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Rayleigh Fading 

This type of fading occurs when there are multiple indirect paths between transmitters and 

receivers and no distinct dominant path, such as a line of sight path. This represents a worst 

case scenario. It could be dealt with analytically by providing insights into performance 

characteristics that can be used in difficult environments, such as downtown urban settings. 

Rician Fading 

Rician fading describes a situation where there is a direct line of sight path in addition to a 

number of indirect multipath signals. This is often applicable in an indoor environment, 

smaller cells or in more open outdoor environments. The channels can be characterized by a 

parameter K, defined as follows: 

K
Power in the dominant path
Power in the scattered paths 

   (2.11) 

when K = 0, the channel is experiencing Rayleigh fading (i.e., numerator is zero) and when  

K = ∞ the channel is experiencing AWGN (i.e., denominator is zero) [11]. 

 

2.3 Error Compensation Techniques 

Multipath fading introduces errors and distortions and the methods employed for 

compensation fall into three general categories: forward error correction, adaptive 

equalization, and diversity techniques. Typically, techniques from all three categories are 

combined to combat the error rates encountered in a mobile wireless environment. 

2.3.1 Forward Error Correction (FEC) 

This is also called channel coding where the sender adds carefully selected redundant data to 

its messages, also known as a forward error correcting code. The receiver is then able to 

detect and correct errors without asking the sender for additional data. FEC codes are of two 

primary types: 
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Block codes 

Block codes work on fixed-size blocks of predetermined size. It transforms a message m 

consisting of a sequence of information symbols over an alphabet into a fixed length 

sequence s of e encoding symbols, called a code word. 

Convolution codes 

This works on symbol streams of arbitrary length. Here a sequence of information bits passes 

through a shift register and two output bits are generated per information bit and transmitted. 

The decoder then estimates the state of the encoder for each set of two channel symbols it 

receives. By knowing the encoder's state sequence, it can decode the original information 

sequence. 

2.3.2 Adaptive Equalization 

A method of combating inter-symbol interference applied to transmissions carrying analogue 

or digital information. It involves a method of gathering the dispersed symbol energy back 

together into its original time sequence. 

A common approach of adaptive equalization is using a linear equalizer circuit where the 

input samples to the circuit are individually weighted by coefficients which are dynamically 

adjusted based on a training sequence of bits. The training sequence is transmitted. The 

receiver compares the received training sequence with the expected training sequence and on 

the bases of the comparison, calculates suitable values for the coefficients.  Periodically, a 

new training sequence is sent to account for changes in the transmission environment.  
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Figure 2.5: Adaptive channel equalization 

For Rayleigh fading channels, it may be necessary to include a new training sequence with 

every single block of data. Again, this represents considerable overhead but is justified by the 

error rates encountered in a mobile wireless environment [11]. 

2.3.3 Diversity  

This involves the use of two or more communication channels with different characteristics 

to improve reliability. Diversity is based on the fact that individual channels experience 

independent fading events. The error effects can therefore be compensated for by providing 

multiple logical channels in between the transmitter and receiver and/or receiving multiple 

versions of the same signal which are then combined at the receiver. This technique does not 

eliminate errors but it does reduce error rate, since the transmission has been spread out to 

avoid being subjected to the highest error rate that might occur. The different techniques of 

diversity will be outlined as this forms the basis for cooperative communication which is the 

focus of this thesis. 

2.4 Diversity Techniques 

Several classes of diversity schemes have been identified which include the following: 

2.4.1 Space Diversity 

In this technique, the signal is transmitted over several different propagation paths. It can be 

achieved by using multiple receiving antennas (receive diversity) and/or multiple transmitter 

antennas (transmit diversity). Multiple antennas offer a receiver several observations of the 
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same signal as each antenna will experience a different interference environment. Thus, it is 

likely that one antenna will receive a sufficient signal, if another one has experienced a deep 

fade.  

 

 

Figure 2.6: Space Diversity 

 
2.4.2 Frequency Diversity 

In this scenario transmission is done using several frequency channels or spread over a wide 

spectrum that is affected by frequency-selective fading. It involves the simultaneous use of 

multiple frequencies to transmit information since the wavelength for different frequencies 

result in different and uncorrelated fading characteristics. Examples of this include OFDM 

and spread spectrum. 

 

Figure 2.7: Frequency Diversity 
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2.4.3 Time Diversity 

Time diversity is achieved by transmitting multiple versions of the same signal at different 

time instants. Alternatively, a redundant forward error correction code is added and the 

message is arranged in a non-contiguous form before it is transmitted. Thus, error bursts are 

avoided and error correction is simplified. 

2.4.4 Polarization Diversity 

Here different antennas with different polarizations are used to transmit multiple versions of 

the signal. A diversity combining technique is applied at the receiver side to combine the 

multiple received signals into a single improved signal. 

 

 
Figure 2.8: Polarization Diversity  

 
2.4.5 Multiuser diversity 

Here opportunistic user scheduling is done at either the transmitter or the receiver. This is a 

situation where the transmitter selects the best user among candidate receivers according to 

the qualities of each channel between the transmitter and each receiver. 
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2.4.6 Cooperative diversity 

Here the cooperation of distributed antennas belonging to each node is used. 

2.5 Signal Encoding Techniques 

 

2.5.1 BPSK 

BPSK is a simple form of phase shift keying which uses two phases, each separated by 180°. 

This modulation technique is the most robust of all PSKs since it requires the highest level of 

noise or distortion to make the demodulator reach an incorrect decision. However, it only 

modulates at 1bit/symbol which make it quite unsuitable for high data-rate applications in 

limited bandwidth cases. The demodulator is usually unable to tell which constellation point 

is which when there is an arbitrary phase-shift introduced by the communications channel 

thus data is often differentially encoded prior to modulation [14]. 

 
 
 
 
 
 
 
 
 

 
 
 
 

 

 

The general BPSK equation could be written as follows: 

 

S
2

cos 2   1       0,1 

 (2.12) 

I
10 

Q

Figure 2.9: Signal constellation diagram for BPSK 
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This yields two phases, 0 and . In the specific form, binary data is often conveyed with the 

following signals: 

S
2

cos 2  
2

cos 2   

                                                                                                           "0"   

 (2.13) 

S
2

cos 2   

                                                                               "1" 

where  is the carrier frequency. 

Hence, the signal-space can be represented by the single basis function 

2
cos 2  

    (2.14) 

where 1 is represented by:  

 

and 0 is represented by: 

 

The BER of BPSK in AWGN can be written as: 

2
   

1
2

 

  (2.15) 
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Since there is only one bit per symbol, this is also the symbol error rate. 

where: 

 Eb = Energy-per-bit 

 Es = Energy-per-symbol = nEb with n bits per symbol 

 Tb = Bit duration 

 Ts = Symbol duration 

 N0/2 = Noise power spectral density (W/Hz) 

 Pb = Probability of bit-error 

 Ps = Probability of symbol-error 

 Sb =  Symbol of bit b 

 Φ(t)=Basis function 

Q(x) will give the probability that a single sample taken from a random process with zero-

mean and unit-variance Gaussian probability density function will be greater or equal to x. 

2.5.2 QPSK 

QPSK modulation technique uses four points on the constellation diagram, equispaced 

around a circle with four phases and can encode two bits per symbol. When analyzed 

mathematically, it can be show that BPSK can be used to double the data rate compared with 

a BPSK system while maintaining the same bandwidth of the signal or to maintain the data-

rate of BPSK but halving the bandwidth needed. Due to bandwidth limitations, QPSK has an 

advantage because it transmits twice the data rate in a given bandwidth than BPSK does at 

the same BER. The only demerit is that QPSK transmitters and receivers are quite 

complicated thus more expensive. Differentially encoded QPSK is often used in practice to 

counter the phase ambiguity problems at the receiving end [14]. 
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 The general QPSK equation could be written as follows: 
 

2
cos 2 2 1

4
         1,2,3,4 

  (2.16) 

This yields the four phases  4,3 4, 5 4 and 7 4 as needed. 

This results in a two-dimensional signal space with unit basis functions: 

 

2
cos 2  

 

2
sin 2  

The first basis function is used as the in-phase component of the signal and the second as the 

quadrature component of the signal. 

Hence, the signal constellation consists of the signal-space 4 points: 

I

Q

10

1101

00

Figure 2.10:  Signal constellation diagram for QPSK
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2⁄ ,  2⁄    

The factors of 1/2 indicate that the total power is split equally between the two carriers. 

Although QPSK can be viewed as a quaternary modulation, it is easier to see it as two 

independently modulated quadrature carriers. With this interpretation, the even (or odd) bits 

are used to modulate the in-phase component of the carrier, while the odd (or even) bits are 

used to modulate the quadrature-phase component of the carrier. BPSK is used on both 

carriers and they can be independently demodulated. 

As a result, the probability of bit-error for QPSK is the same as for BPSK: 

2
 

However, in order to achieve the same bit-error probability as BPSK, QPSK uses twice the 

power (since two bits are transmitted simultaneously). The symbol error rate is given by: 

1 1 ² 

2  

    (2.17) 

If the signal-to-noise ratio is high (as is necessary for practical QPSK systems) the 

probability of symbol error may be approximated as: 

2  

     (2.18) 
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CHAPTER 3 

Cooperative Communications 

3.1 Introduction 

Wireless communications is currently a highly demanded communication technology that is 

most functional in terms of mobile access. Since its inception, it has gone through lots of 

developmental phases to meet the ever increasing needs of its wide range of applications. 

The multipath fading, shadowing, and path loss effects of wireless channels are the biggest 

challenges in the history of wireless communications which has induced considerable 

research for possible solutions. These effects cause random variations of channel quality in 

time, frequency, and space that make conventional wireline communication techniques too 

difficult to employ in the wireless environment. Despite numerous proposed solutions, 

methods of high efficacy were never realized until the proposition of diversity techniques in 

the past two decades [3].  

The use of diversity technology highly improves the performance of wireless 

communications as it gives the signals a separate fading path during transmission to exploit 

diversity in different channel dimensions, such as time, frequency, and space, and hence 

achieve diversity gains. In particular, advances in the theory of multiple-input multiple-

output (MIMO) systems have made it desirable to equip modern wireless transceivers with 

multiple antennas in order to achieve spatial diversity gains. However, due to the limitation 

in terms of size and cost of wireless devices for many applications, e.g., in wireless sensor 

networks or in cellular phones, having multiple antennas on a single terminal is impractical. 

In such cases, creating a virtual MIMO environment where nodes can collaborate and share 

their antennas to form a distributed virtual MIMO antenna system is the easiest and most 

promising alternative to apply. This is achieved by the so called cooperative 

communications.  
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Cooperative communications refer to a type of communication system or technique that 

allows users to transmit each other's messages to the intended destination.  

Furthermore, the advent of the 4G mobile communication has introduced heterogeneous 

networks of various services that use different standards hence different terminals to deploy 

services. The method involving the use of a single all purpose device to deploy network 

services results in design complications resulting in inefficient use of battery power causing 

short battery life. In such situations, cooperative communications enable users ease off the 

load on the network and thus increase the capacity as well as battery life for their devices.  

3.2 Brief History of Cooperative Communication 

The inception of cooperative communication could be attributed to the pioneer article on the 

relay channel by Thomas M. Cover and Abbas A. El Gamal back in 1979 [28]. They 

modelled a relay channel to include a source node, a relay node and a destination node, as 

shown in the Figure 3.1 below.  

 

 
 

Figure 3.1: The Relay Channel  
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Their work was based on the analysis of the capacity of a three-node network consisting of a 

source, a relay, and a receiver. The assumption was that all nodes operate in the same band, 

therefore the system could be decomposed into a broadcast channel with respect to the source 

and a multiple access channel with respect to the destination.  

However, the concept and idea behind cooperative communication is quite different from the 

work on relay channel. While Cover and El Gamal mostly analyzed capacity in an additive 

white Gaussian noise (AWGN) channel, the motivation now is more on the concept of 

diversity in a fading channel. Secondly, in the work on the relay channel, the relay’s sole 

purpose is to help the main channel, whereas in cooperative communication, the total system 

resources are fixed, and users act both as information sources as well as relays. Therefore, 

although the historical importance of the first works on relay channel is indisputable, recent 

work in cooperation has taken a somewhat different emphasis. 

3.3 Phases of Cooperative Transmissions 
Most cooperative communication schemes involve two transmission phases:  

3.3.1 Phase I: A coordination phase 

This is the phase where users exchange their own source data and control messages with each 

other and/or the destination.  

3.3.2 Phase II: A cooperation phase 

In this phase, the users cooperatively retransmit their messages to the destination.  

A basic cooperation system consists of two users transmitting to a common destination, as 

illustrated in Figure 3.2. One user acts as the source while the other user serves as the relay 

and the two users may interchange their roles as source and relay at different instants in time. 

In Phase I, the source user broadcasts its data to both the relay and the destination and in 

Phase II, the relay forwards the source’s data either by itself or by cooperating with the 

source to enhance reception at the destination. [16].  
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Figure 3.2: A basic two user cooperative communication network 

Coordination is especially required in cooperative systems since the antennas are distributed 

among different terminals, as opposed to that in centralized MIMO systems. Although extra 

coordination may reduce bandwidth inefficiency, the cost is often compensated for by the 

large diversity gains experienced at high SNR. Specifically, coordination can be achieved 

either by direct inter-user communication or by the use of feedback from the destination. 

Based on the information obtained through coordination, cooperating partners will compute 

and transmit messages so as to reduce the transmission cost or enhance the detection 

performance at the receiver. However, the cost of coordination may increase with the number 

of cooperating users and, thus, efficient inter-user or feedback communication strategies 

must be devised to make cooperation worthwhile. 

The two user cooperation described so far can be readily extended to a large network by 

having one user serve as the source and the remaining users serve as relays at each time 

instant, as shown in Figure 3.3 [17]. The relays together form distributed antenna arrays, i.e., 

arrays whose elements are not collocated but carried by independent relaying terminals that 

are able to achieve spatial diversity and multiplexing gains similar to centralized MIMO 

systems.  
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Figure 3.3: Illustration of multi-relay cooperative communication system 

In Figure 3.3, x indicates the transmitted data while y represents the data at the receiver. 
Cooperative Communication systems with multiple sources are also proposed in [18, 19] and 

is illustrated in Figure 3.4. Here the signal sources can access the relays through orthogonal 

channels with the assumption that the relays have sufficient energy and bandwidth resources 

for all users. In the case of a failure to do so, multiuser problems may arise in both the 

physical and higher network layers that may eventually dominate the BER performance and 

thus cause the diversity gains to diminish. Moreover, with limited energy and bandwidth 

resources at the relays, efficient resource allocation policies must be devised to ensure high 

performance gains for all users. 
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Figure 3.4: Illustration of cooperative system with multiple sources and relays 

3.4 Application of Cooperative Communications 

The key idea in user-cooperation is that of resource-sharing among multiple nodes in a 

network. The reason behind the exploration of user-cooperation is that the willingness to 

share power and computation with neighbouring nodes can lead to savings of overall network 

resources. The three novel applications are: 

3.4.1 Cognitive Radio 
 

Cognitive radio is an emerging technology which helps in efficient utilization of the scarce 

radio spectrum. The main part of cognitive radio system is spectrum sensing and it is done 

using sensing nodes that identify spectrum holes which are underutilized by the primary 

users. In severe multipath fading environment or in situations where the sensing node is 

shadowed, it becomes difficult to identify all available spectrum holes. This is referred to as 

hidden terminal problem and it can be reduced by a cooperative spectrum sensing method 

that employs the implementation of cooperative sensing nodes to detect the availability of 

spectrum holes. This method has the benefit of maximizing the signal to noise ratio of the 

received signal to detect the presence or absence of primary user’s signal [20].  
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3.4.2 Wireless Ad-hoc Network  

This is self organizing and autonomous network [25] without any pre-established 
infrastructure or centralized controller. In this network randomly distributed nodes form a 
temporarily functional network that supports seamless leaving or joining of nodes.  

 

Figure 3.6: Wireless ad-hoc network  
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Figure 3.5: Cognitive Radio Operation 
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Such networks have been successfully deployed for military communications and potential 
civilian applications include commercial and educational use, disaster management, road 
vehicle network, etc. 

3.4.3 Wireless Sensor Networks (WSN) 

Wireless sensor networks (WSNs) have gained worldwide attention in recent years. The 

network consist of spatially distributed autonomous sensors to cooperatively monitor 

physical or environmental conditions such as temperature, sound, vibration, pressure, motion 

or pollutants.  

 

Figure 3.7: Wireless sensor networks 

These sensors are small, with limited CPU processing, computing resources, memory and 

power. To combat these limitations, these sensors are equipped with wireless interfaces 

which they could use in communicating with one another and also to form an ad-hoc network 

cooperatively to send their data to the base station [21]. 
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3.5 Communication Model 

A simplified communication model is outlined below in Figure 3.8 which consists of the 

following components: 

- Chanel Coder: encodes the received packets and forwards them. 

- Interleaver: assists in overcoming correlated channel noise such as burst error or 

fading. Interleaving helps the correlated noise introduced in the transmission channel 

to be statistically independent at the receiver and thus allows better error correction. 

- Modulator: modulates the coded packet symbols. 

- Channel: represents the medium, between sender and receiver, through which the 

signals are transmitted. 

- Demodulator: demodulates the incoming packets and sends them to the de-

interleaver. 

- De-interleaver: arranges data back into the original sequence. 

- Decoder: decodes the received signal and forwards to the final destination. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

                      
 
 
 

                                 Demodulation   

Channel Coder Interleaver Modulation 

Channel 

Channel decoder De-interleaver Detector 

Channel 
Estimation

 

 

 

Figure 3.8: Communication System Block Diagram 
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3.6 Channel Model 

Signal transmission in a wireless medium is subject to distortion by several factors and 

phenomena. Thermal noise, additive white Gaussian noise, path loss and Rayleigh fading are 

considered. As path loss and fading are multiplicative, noise is additive as illustrated in 

Figure 3.9 below: 

 

 
        ,   
 
 
 
 
 ,               ,             ,  
  
 

Figure 3.9 illustrates the channel model with source s, source signal xs[n], destination d, 
received signal ys,d[n], path loss ds,d[n], fading as,d[n] and noise z. 

The equation could be written as: 

, , ,   , ,  
 (3.1) 

where ,  is the attenuation. 

3.7 Receiver Model 

The receiver detects the received signal symbol by symbol. In the case of a BPSK modulated 

signal, the symbol is detected as: 

1      0
1     0  

   (3.2) 

 

Figure 3.9: The Channel Model
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For a QPSK modulated signal there are two bits transferred per symbol, which are detected 

as 

 

 

1, 1
1, 1  

  1, 1
1, 1  

   

0°   90°
90°   180°  

  90°   0°
   180°   90°

 

 (3.3) 

3.8 Cooperative Communication Protocols 

To enable cooperation among users, different relaying protocol and techniques could be 

employed depending on the relative user location, channel conditions, and transceiver 

complexity. These are methods that define how data is processed at the relays before onward 

transmission to the destination. There are different types of cooperative communication 

protocols which would be outlined. These include the Amplify and Forward (AAF) and 

Decode and Forward (DAF) protocols [6]. 

3.8.1 Amplify and Forward (AAF) 

This is a simple cooperative signaling method proposed and analyzed by Laneman et al [6] 

where each user receives a noisy version of the signal transmitted by its partner, amplifies it 

and retransmits to the base station. The base receives two independently faded versions of the 

signal and combines them in order to make better decisions on information detection.  
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Figure 3.10: Amplify and Forward 

The main downfall of this method lies in the fact that noise contained in the signal is 

amplified as well and is often used when the time delay, caused by the relay to decode and 

encode the message has to be minimized or when there is limited computing time/power 

available to the relay. The amplification of the incoming signal is employed block-wise 

which can be regarded as a multiplication with an amplification factor (β) which normalizes 

the received power. The gain for the amplification can be calculated as follows, assuming 

that the channel characteristics can be perfectly estimated [22]: 

Signal power yr at relay: 

                    | |     | , |   | |²     | , |²    | , |²    2 ,    (3.4) 

where s is the sender and r is the relay. | |²  denotes the energy of the transmitted 

signal,  hs,r the total attenuation and 2 ,   | , |²   the total noise power between sender 

and relay. Using the same power the sender employed in sending data, the relay uses a gain 

of: 

  hs,r
2  2 ,

2       (3.5) 
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Channel characteristic of every block needs to be estimated since this term has to be calculated for 

each one [22]. 

3.8.2 Decode and Forward (DAF) 

An example of this can be found in the work of Sendonaris et al. [15]. This strategy follows 

that the relay station decodes the received signal from the source node, re-encodes it and 

forwards it to the destination station. It is the most often preferred method to process data in 

the relay since there is no amplified noise in the signal sent [16].  

Signals can be decoded by the relay completely. This takes a lot of computing time and CPU 

bandwidth. An error correcting code at the source makes it possible for received bit errors to 

be corrected at the relay station. In the absence of that, the relay can detect errors in the 

received signal using a checksum. 

Another implementation involves decoding and re-encoding the signal symbol by symbol so 

as to eliminate the delay caused to fully decode and process it. This also takes care of a 

situation where the relay has limited computing capacity or sensitive data to be transmitted. 

 

 
Figure 3.11: Decode and Forward 
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Error Correcting Code  

An error correcting code is implemented at the relay station which performs the function of 

checking every decoded symbol in the DAF protocol. This allows the symbols to be re-

encoded and sent if and only if they were correctly detected. One way of implementing an 

error correcting mechanism is using an interleaver in the communication model at the sender. 

There are efficient forward error correcting mechanisms like Low Density Parity Check 

(LDPC) which involve channel coding but these are not very efficient when employed with 

the DAF protocol as they need very high processing power and bandwidth. In this thesis a 

pseudo-error correcting mechanism that checks every signal symbol by symbol rather than a 

block-wise error correction is used. 

3.8.3 Detect-and-Forward (DtF) 

In this scheme, the signal is demodulated/detected by the relay and sent to the destination but 

the channel encoded signal is not fully decoded by the relay. It can be concluded that this 

scheme is less complex when compared to the Decode and Forward (DAF) protocol. It is a 

re-generative scheme as the signal is detected and re-generated before transmission. 

The DtF protocol is also termed as fixed DAF which provides coding gain instead of 

diversity gain and acts as a repetition code [24]. DAF fully decodes the received signal while 

DtF retransmits the symbols without fully decoding them; it just investigates the received 

symbols. 

3.8.4 Selective Detect-and-Forward 

In this scheme, the relay detects the source transmission; if the detection is error free then it 

is forwarded to the destination. To detect the source transmission correctly there must be 

some error detection mechanism like cyclic redundant check (CRC) implemented at the 

relay. This kind of scheme eliminates the problem of error propagation. 
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3.8.5 Coded Cooperation 

Coded Cooperation (CC) can be viewed as a generalization of DAF relaying schemes where 

more powerful channel codes (other than simple repetition codes used in the DAF schemes) 

are utilized in both phases of the cooperative transmission. When using repetition codes, the 

same codeword is transmitted twice (either by the source or the relay) and, thus, bandwidth 

efficiency is decreased by one half. In coded cooperation schemes, different portions of the 

same message are transmitted in the two phases [25]. Specifically, the source message is 

encoded in the first portion of the codeword that is transmitted by the source in Phase I and 

incremental redundancy (e.g., in the form of extra parity symbols) can be transmitted in the 

second portion of the codeword by either the source or the relay in Phase II.  

In this thesis we focus on the two basic relaying techniques (DAF and AAF) and how signal 

combining can be performed in cooperative systems to maximize coherent detection at the 

destination. 

3.9 Combining Techniques 

Combining techniques are methods used to combine the multiple received signals of a 

diversity reception device into a single improved signal since there are usually more than one 

received transmission with the same burst of data [18], [19]. 

3.9.1 Equal Ratio Combining (ERC) 

ERC is the easiest combining method for signals, but with low performance. All received 

signals are just added up due to either an inability to estimate channel quality or a shortage of 

computing time [7]. It could be represented as follows: 

,  
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where yd[n] denotes the total signal at the receiver and yid[n] is the signal from the ith link. 

Since just one relay station is used in the simulations, the equation is simplified to:  

                                                       ,     ,     (3.6) 

where ,  represents the received signal from the source and ,  represents that from the 

relay. 

3.9.2 Fixed Ratio Combining (FRC) 

FRC achieves a much better performance than ERC. Instead of just being adding up, the 

received signals are weighted with a constant ratio which will not change a lot during the 

whole communication instance. In this thesis, a ratio of 3:1 is used. Average channel quality is 

represented by the ratio and temporary influences on the channel due to fading are not taken 

into account. Distance between the different stations is considered since that affects the 

average channel quality. This requires little amount of computing time and can be expressed 

as: 

, ,  

where ,  denotes weighting of the incoming signal , . Since one relay station is used, the 

equation is simplified to: 

,     ,     , ,     ,     (3.7) 

where ,  denotes the weight of the direct link and , ,  represents the weight of the multi-

hop link. 
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3.9.3 Signal-to-Noise-Ratio Combining (SNRC) 

Here a better performance can be achieved if the incoming signals are weighted wisely based 

on their SNR. The SNR is usually used to determine link quality and it can be used to weigh 

the received signals [26]. It could be expressed as: 

,  

Using a single relay station: 

,     ,  + , ,   ,   (3.8) 

Where ,  represents the SNR of the direct link and , ,  represents the link over the 

relay channel. 

The SNR of a relay link employing AAF can be estimated by transmitting a known sequence 

in every block. In case of multi hop relaying, e.g., if the relay link is using a DAF protocol, 

then the receiver can only see the channel quality of the last hop. The assumption is that 

some additional information about the quality of the unseen hops is sent by the relay to the 

destination so that SNR could be estimated. However, in this thesis we consider only single 

hop cooperation.  

Estimation of SNR using AAF 

For the AAF protocol, the received signal [22] from the relay is: 

, , , , , ,     ,  

The received power will then be 

,   , , 2 ,  2 , ,  
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The SNR of the one relay link can be estimated as 

SNR  
β h , h , ξ

β h , 2σ ,  2σ ,

 

    (3.9) 

Estimation of SNR using DAF 

Calculating the SNR using DAF requires that the BER of the link be calculated first and 

subsequently translated to an equivalent SNR. BER of a one relay link [14] could be 

calculated as: 

BER , ,   BER , 1  BER ,   1  BER , BER , . 

For a BPSK modulated Rayleigh faded signal this will be           

SNR   Q BER     (3.10) 

For QPSK modulated signal this will change to 

SNR   Q BER      (3.11) 

3.9.4 Maximum Ratio Combining (MRC) 

For this combining method, the receiver does not need to have knowledge of the exact 

channel characteristics. An approximation of the channel quality is sufficient to combine the 

signals. It also requires a lot less computing power. 

The performance of a two sender transmission Pb with MRC at the receiver [14] can be 

expressed as:  

 
1
4 1   2  
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1
   

       (3.14) 

where γ   denotes the average SNR defined as 

 

2 , 

where 

   

This method achieves best performance by taking each input signal and multiplying it by its 

corresponding conjugated channel gain assuming the channels phase shift and attenuation is 

known by the receiver [7]. This could be expressed as: 

  , · ,
   

 

For a single relay scenario, the equation is written as: 

 

  , ,   , ,  

  (3.12) 

The major disadvantage of this combining technique in a multi-hop environment is that the 

MRC only considers the last hop or the last channel [9], [16], [18], [26]. The 

recommendation is to employ it with an error correcting code so as to avoid the issues of the 

relay sending incorrectly detected symbols which will have severe effect on performance. 
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3.9.5 Enhanced Signal-to-Noise-Ratio Combining (ESNRC) 

This combining method ignores an incoming signal when the data from other incoming 

channels have a much better quality [9]. Equal rationing is done for channels with more or 

less the same quality as regards the incoming signals. In the system used in this thesis, this 

can be expressed as: 

 
,                                                           SNR , SNR , ,⁄   10

   , , ,                         0.1    SNR , SNR , ,  ⁄ 10

, ,                                                         SNR , SNR , ,_⁄   0.1
 

 (3.13) 

 

3.10 Relay Positioning 

For this thesis, two basic categories of node placements will be considered for simulation. 

These will include the triangular placement and the linear placement. 

3.10.1 Triangular Placement   

Here the source, relay and receiver are positioned in a triangular manner even when the relay 

position is varied. Simulations would be done for scenarios where there is equidistant 

placement of all nodes and for relay placed further away from the source and destination [5]. 

Equidistant Placement 

Here, the source, relay and receiver are placed in a triangular manner with equal distance 

between them as shown in Figure 3.12. 
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Figure 3.12: Equidistant Placement 

Non-Equidistant Placement 

Here the relay is place further away from the source and receiver as shown in Figure 3.13. 

 
 

 
Figure 3.13: Relay Placed far away from source and destination 
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3.10.2 Linear Placement 

In this category, the source, relay and receiver are placed linearly on the same axis [6]. Three 

separate scenarios will be considered here. 

Relay Centered 

The relay is placed between the source and receiver with equal distances to each as illustrated 

in Figure 3.14. 

 
Figure 3.14:  Linear Placement (Relay Cantered) 

 

Relay Close to Source 

Here the relay is positioned close to the signal source as shown in Figure 3.15. 

 

Figure 3.15:  Linear Placement (Relay close to source) 
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Relay Close to Receiver 

Here the relay is positioned close to the receiver as shown in Figure 3.16. 

 

 
Figure 3.16: Linear Placement (Relay close to Destination) 
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CHAPTER 4 

Simulation Results 

This chapter is based solely on the presentation of the simulation results which further 

illustrate the potential advantages of the different cooperative communication protocols when 

employed with different combining techniques. The transmission channel is assumed to be a 

non-selective (flat) fading channel in which all frequency components are affected by the 

same fading coefficients [25]. 

4.1 Amplify and Forward (AAF) 
 

Figure 4.1 shows a plot of a single link BPSK transmission along with four different 

combining techniques. The idea behind the inclusion of the single link transmission plot is to 

have a clear view of the relative significance of diversity techniques.  
 

As can be seen from the plot on Figure 4.1, the SNRC and the ESNRC combining 

techniques, which have an estimated equal BER, have a much better performance than the 

FRC and ERC combining techniques. This could be attributed to the fact that the SNRC and 

ESNRC methods require more Channel State Information (CSI). Furthermore, the FRC 

which has average knowledge of the channel quality has better performance than that of the 

ERC which has no knowledge of the channel conditions. 
 

An advantage of the AAF protocol is the low computing power and bandwidth used in 

simply amplifying and forwarding the signal to the relay station without the need for further 

signal processing.  
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4.2 Decode and Forward (DAF) 
 

The simulations are repeated again but with the Decode and Forward protocol. Figure 4.2 

illustrates the combining techniques as well as the BPSK single link transmission. The results 

indicate poor performance for the combining methods that don’t require the exact channel 

conditions. The ones which require average estimation or total estimation of the channel state 

perform better. However, the best performance is that of the ESNRC technique.  

It is important to note that the AAF protocol always has a better performance with any 

combining method if the DAF protocol is implemented without any error correcting 

mechanism. The downside is that everything, including errors and noise, is amplified and 

transmitted along with the signal. However, the MRC is the optimal combining method when 

an error correcting mechanism is used.  

Figure 4.1: The different combining techniques are compared with each other with equidistant triangular placement 
of the source, the relay and the receiver for the AAF protocol. The best performance is obtained with the 

SNRC/ESNRC techniques. 
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4.3 Amplify and Forward (AAF) Vs. Decode and Forward (DAF) 
 

Figure 4.3 depicts a performance comparison of the AAF and DAF protocols. The outcome 

shows that the DAF protocol always results in a better performance than the AAF protocol 

when any combining technique is used. This is due to the presence of amplified noise in the 

transmitted signal with regards to the AAF protocol. Recall that this protocol is based on the 

amplification of the signal by the relay before being sent to the receiver. This has a negative 

effect on the quality of the signal received at the destination due to the inclusion of noise in 

the amplified signal. 

 

Figure 4.2: The different combining types are compared with each other with equidistant triangular placement of the 
source, the relay and the receiver for the DAF protocol. When an error correcting mechanism is implemented, the 

MRC has the best performance. 
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Figure 4.3: The two diversity protocols (AAF and DAF) are compared with each other. The DAF results in a better 
performance than the AAF for any combing technique employed. 

 

4.4 Relay positioning 

The free space path loss of a wireless channel is related to the square of the distance between 

the target and the base station. As can be seen from (2.5) and (2.6), the power received at the 

receiver is inversely proportional to the square of the distance between the sender and the 

receiver. Thus, the power received at the receiver gets weaker and more distorted as the 

receiver gets further and further away from the source. Based on these facts, a performance 

analysis of the scenarios is done where the relay is placed at several positions relative to the 

source and destination.  

From Figures 4.4 and 4.5, it is shown that whatever combining technique is employed with 

any protocol, better performance is always observed with the relay close to the sender. This 

is because the signal from the source reaches the relay without much degradation by the 
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channel conditions between the sender and the relay. This signal is also further processed at 

the relay and sent onwards to the destination. In the case of the AAF protocol, both the noise 

and the signal are amplified at the relay which is quite advantageous as the signal with little 

noise gets amplified. This amplified signal is able to withstand the channel impairments that 

might be encountered as it is transmitted from the relay to the destination. In the case of the 

combining methods which require rough or complete estimation of the channel conditions, it 

is useful to know the channel qualities before hand with the probable position of the relay. 

The ESNRC combing method which performed well in both AAF and DAF is used 

throughout to see the effects of variable relay positioning. Apparently, in all scenarios where 

the relay is positioned closer to the destination, the performance decreases. 

 

 
Figure 4.4: The effect of variable positioning is analyzed for the AAF protocol. Best performance is observed when 

the relay is exactly between the source and destination.  
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Figure 4.5: The effect of variable positioning is analyzed for the DAF protocol. Best performance is observed when 

the relay is exactly between the source and destination. 
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CHAPTER 5 

Conclusions 

In this thesis, we investigated the benefits of cooperative diversity in wireless 

communication. It presented a broad analysis of the protocols and combining techniques 

which could be employed when a virtual MIMO environment is created by single antenna 

mobiles in sharing their antennas to boost efficiency in signal transmission. 

Our conclusion from the simulation results is that the Amplify and Forward (AAF) protocol 

has its best performance when the Signal to Noise Ratio Combiner (SNRC) or the Enhanced 

Signal to Noise Ratio Combiner (ESNRC) technique is employed.  The advantage of this 

protocol lies in the low computing power and minimal bandwidth which it utilizes. Its 

downside is that it amplifies and transmits everything including noise. 

The Decode and Forward protocol however recorded much better performances than the 

Amplify and Forward protocol when any combination technique is used. This is due to the 

presence of an error correcting code at the relay terminal and the fact that the noise is not 

amplified as in the case of the AAF protocol. It has an optimal performance when the 

Maximal Ratio Combiner (MRC) technique is employed. The disadvantage of the protocol is 

the high amount of computing power it required to work with.  

There was also the aspect of relay positioning and several conclusions were drawn with 

respect to the results obtained from the simulations. The DAF and AAF protocols employed 

with the various combining techniques have their best performances when the relay is exactly 

between the source and destination. In varying the position of the relay irrespective of the 

layout geometry, continually low performances were recorded as the relay moved closer to 

the destination. Performance, however, increased as the relay was moved closer to the signal 

source. 
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Further work in this area could involve a multi user scenario to investigate the possibilities of 

having the relay working with more than a single signal source. Alternatively, a multi relay 

methodology could also be employed where a single signal source operates with two or more 

relays. It might also be very interesting to observe the performances of having a constantly 

moving signal source or relay. 
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